Anthrax is a potentially life-threatening bacterial disease that can circulate in wild and domestic animals 37 and subsequently spillover to human contacts with devastating consequences for human and animal 38 health, as well as livestock economies and ecosystem conservation. India has a high annual occurrence 39 of anthrax in some regions, but a country-wide delineation of risk has not yet been undertaken. The 40 current study modeled the geographic suitability of anthrax across India and its associated 41 environmental features using a biogeographical application of machine learning. Both biotic and abiotic 42 features contributed to risk across multiple scales of influence and the wildlife-livestock interface, using 43 elephants as a wildlife sentinel species, was the dominant feature in delineating anthrax suitability. In 44 addition, water-soil balance, soil chemistry, and historical forest loss were also influential. These findings 45
Anthrax is a global disease of tremendous impact to the economy and health of pastoralist communities. 69
It is responsible for substantial mortality in livestock in temperate and tropical settings, and can result in 70 spillover to humans in contact with livestock and wildlife resulting in life-threatening cutaneous, 71 gastrointestinal or respiratory disease(1). Risk of human infection is greater in those that process or 72 consume contaminated animal products, bushmeat and carcass meat. However, humans are accidental 73 dead-end hosts and generally do not contribute to onward transmission of the disease. Sporadic, 74 epizootic transmission occurs in wildlife also and can have devastating impacts, especially among 75 mammalian herbivores(2). The causative agent, Bacillus anthracis, can remain inactive, yet stable, in soil 76 for up to several decades and across a spectrum of environmental conditions owing to the generation of 77 spores, which form upon contact with atmospheric oxygen. In a favourable environment these spores 78 germinate into the vegetative form and replicate. For example, following ingestion by grazing mammals, 79 spores germinate and begin replicating in the newly infected host(1,3,4). External hemorrhage from 80 multiple orifices is a common clinical feature in animals at the time of death and leads to continuation of 81 the cycle through re-contamination of the environment with bacteria and subsequent grazing of 82 susceptible herbivores therein. 83
Anthropogenic pressure operates within several spheres of influence in domestic and sylvan landscapes 84 to promote disease emergence(5). Two such spheres of influence, the wildlife-livestock interface and 85 habitat loss, may be particularly important in propagating the anthrax infection cycle. The wildlife-86 livestock interface, defined as the extent to which wildlife species and livestock interact (or have the 87 potential to interact) directly or indirectly in a given landscape, has been recognized for some time as 88 driving inter-species transmission between animals (Figure 1), and subsequent potential spillover to 89 humans(5-12). The wildlife-livestock interface has been shown to significantly enhance the ability of 90 anthrax to persist in some areas, and may be a key driver of enzootic transmission in tropical 91 settings (6, 8, 13) . Habitat loss, particularly over long periods of time, can substantially alter the 92 abundance, richness, and movement patterns of the wildlife species that occupy the transitional spaces, 93 or ecotones(5,13-18). This in turn can directly or indirectly influence the wildlife-livestock 94 interface(10,12). Once a wildlife-livestock interface has been established in an ecotone, the 95 characteristics of B. anthracis are such that inter-specific transmission can modulate plant-animal 96 interaction. For example it has been shown that anthrax-infected carcasses promote grasses favored by 97 grazers, which subsequently draw these species to the spore-containing soils (19, 20) . 98
India has a high burden of anthrax, with some regions experiencing annual or near annual outbreaks of 99 disease (21, 22) . A significant number of these outbreaks occur in wildlife, with a preponderance of 100 reported cases in elephants(7,23-26). Common points of interface in Indian settings include shared 101 waterholes, salt licks and grazing meadows, particularly in the forest fringe areas. These also tend to be 102 the areas where backyard animal husbandry, comprised of small and mixed holdings of grazing animals, 103 are in closest proximity to wildlife. The over-representation of elephants may be due to their unique 104 biological and ecological requirements in landscapes increasingly shared with humans and their 105 livestock, or may simply reflect their role as a sentinel species. Typically in the wild, dying or dead 106 animals are quickly devoured by predators or scavengers. Thus detection of anthrax cases in wildlife is 107 often difficult, because they are cleared before samples can be obtained. However, elephants are a 108 notable exception because of their size. Anthrax surveillance is not consistent across the country and 109 the data generated is not always reliable. The current investigation sought to map geographic anthrax 110 suitability as a representation of epidemiological risk, while inferring ecological relationships between 111 anthrax outbreaks and abiotic and biotic features. Specifically, we hypothesized that an increasing 112 wildlife-livestock interface, as marked by a key sentinel wildlife species (elephants), and proximity to 113 human-modified landscapes (specifically, historical forest loss) would delineate greater anthrax 114 suitability. 115
Methods 116
One hundred and three anthrax outbreaks between 1 January, 2000 and 1 May, 2018 were identified 117 from the ProMED-mail electronic surveillance system. This system is maintained by the International 118 Society of Infectious Diseases and provides archival documentation of formal and informal reports of 119 infectious disease occurrences [25] . ProMED-mail reports are screened by a large team of editors, 120 moderators, correspondents and sometimes country managers, who evaluate reports as well as engage 121 the large group of locally-sourced subscribers to offer additional insight in support of or against the 122 alerts(27). The data thus represent a specific cross-section of disease experience rather than a 123 population-based sample. As such, while we emphasize that the scope of this study does not apply to 124 the full spectrum of anthrax experience in India, we do correct for potential reporting bias inherent in 125 the data (see statistical methods below), which minimizes reporting bias in the assessment of anthrax 126 suitability in anthropogenic environments. In addition, we also evaluated model performance using an 127 independent sample of 22 laboratory confirmed anthrax outbreaks, with investigations reported in the 128 scientific literature (n = 17) (23,28-38) or by government agencies (n = 5) as captured by the EMPRES 129 Global Animal Disease Information System (EMPRES-i; http://empres-i.fao.org), which is maintained by 130 the Food and Agriculture Organization. This latter evaluation (see statistical methods below) has the 131 added benefit of providing the first validation testing of ProMED-mail surveillance data in India to 132 delineate risk of an important zoonotic infection. 133
The Gridded Livestock of the World (GLW) provided livestock densities for cattle, sheep, and goats at 30 134 arc second resolution (approximately 1km) (39). The data thus obtained are more up to date than the 135 periodic animal census data available for India. Because the current aim was to assess anthrax suitability 136 associated with livestock presence, a combined livestock raster was created based on the sum of the 137 absolute number of cattle, sheep, and goats per unit area, rather than calculating livestock units(40) 138 because evaluating the differential impact of different livestock species on the grazing and browsing 139 capacity of land parcels was beyond the scope and capacity of this study given the lack of sufficiently 140 fine-scaled environmental or outbreak data. The Global Biodiversity Information Facility (GBIF) was used 141 to identify observed free-ranging elephants (Elephas maximus) across India so their ecological niche 142 could be modeled and used as a wildlife sentinel species (http://www.gbif.org/). These two data 143 products, livestock density and the elephant niche, were then applied to the quantification of the 144 wildlife-livestock interface (see statistical methods description below). The elephant niche was chosen 145 as the representative wildlife niche because of the species' importance as both an anthrax 146 sentinel(7,23-25,41) and the common overlap of their range with that of grazing livestock in forest 147 fringe areas(29). However, the utility of this niche could not be compared to that of other species 148 because of a corresponding lack of adequate observations of other species occurrences in GBIF. 149
Climate data were obtained from the WorldClim Global Climate database(42). The mean annual 150 temperature was calculated using aggregate spatio-temporal weather station data between 1950 and 151 2000, and extracted as a 30 arc second resolution raster(43). The Priestley-Taylor α coefficient (P-Tα) 152 was used to represent water-soil balance(44,45). The P-Tα is the ratio of actual evapotranspiration to 153 potential evapotranspiration, and captures water availability in the soil, as well as the local vegetation's 154 water requirements, as contrasted with solar energy input. Thus, P-Tα is a robust estimate of 155 environmental water stress through soil-water balance. The raster data was acquired at 30 arc seconds 156 resolution from the Consultative Group for International Agricultural Research (CGIAR) Consortium for 157 Spatial Information. The ratio is dimensionless and ranges from 0 (extreme water stress) to 1 (no water 158 stress)(46). The sampling of background points was weighted using the human footprint (HFP) to correct for 172 potential reporting bias in anthrax presence points (see modeling description below).The HFP was 173 quantified using data obtained from SEDAC(50), and is comprised of two stages(51). First, the human 174 influence index (HII) describes the impact of human influence based on eight domains: 1) population 175 density, 2) proximity to railroads, 3) proximity to roads, 4) proximity to navigable rivers, 5) proximity to 176 coastlines, 6) intensity of nighttime artificial light, 7) location in or outside urban space, and 8) land 177 cover. These domains are scored and quantify the level of human impact per item per 1km 2 . The eight 178 domains are then combined to form a composite index, which ranges from 0, indicating an absence of 179 human impact, to 64, indicating maximal human impact. The HII is then normalized to the 15 terrestrial 180 biomes defined by the World Wildlife Fund to obtain the HFP. The normalization is the ratio of the range 181 of minimum and maximum HII in each biome to the range of minimum and maximum HII across all 182 biomes, and is expressed as a percentage(51). 183
Statistical Analysis 184
Anthrax suitability in India, as well as the ecologic niche of elephants, was modeled using maximum 185 entropy (Maxent) machine learning. Machine learning is now widely applied to the modeling of the 186 geographic suitability of many zoonoses(52-54), and Maxent is an analytically appealing approach 187 because the model is not constrained by a specific functional form. Additionally, the system can be 188 modeled without knowledge of the locations of unknown (and unknowable) anthrax outbreak 189 absences(54,55). Maxent has become a popular implementation to ecological niche modeling due to its 190 robustness(56). available covariates under consideration, the best model was selected based on performance and fit 208 using 1) the test AUCs between the full and reduced models, 2) the Akaike information criterion (AIC) 209 based on a Poisson point process to measure goodness-of-fit(59), and 3) a jackknife variable selection 210 procedure wherein each covariate's single contribution to the loss function is compared to the loss 211 function when the covariate is withheld from the model. Because the surveillance data were derived 212 from the ProMED system, the model performance was evaluated using the independent testing dataset 213 described above, which is comprised of a separate independent sample of laboratory-confirmed anthrax 214 outbreaks. Reported AUCs, therefore, reflect the externally validated model performance. 215
As some recent work identified, the relationship between infectious diseases and abiotic and biotic 216 features may depend on spatial scale(60). We therefore include two sensitivity analyses to evaluate 217 whether these features operate differently at different scales. First, the models were evaluated at 5 arc 218 minutes and 30 arc minutes to determine whether predicted anthrax suitability was robust to scale and Figure 3 . The wildlife-livestock interface was the dominant feature delineating anthrax 235 suitability (permutation importance (PI) = 67.7%). Livestock density (PI = 10.5%), soil-water balance (PI = 236 7.1%), soil pH (4.7%), and proximity to forest lost between 1900 and 2000 (PI = 4.0%) were also 237 influential to anthrax suitability. When the model was validated against the independent testing data, it 238 performed reasonably well with AUC equal to 88%, and demonstrated the best fit (lowest AIC), 239 compared to the other models (S2 Table 1 ). The jackknife variable selection model largely agreed with 240 the final model above with respect to variable importance (S4 Figure 3) , although livestock density 241 appeared to contribute the least information to the model by itself and to have relatively little 242 information present that is not already present in other variables. Therefore, a further reduced model 243 with livestock density omitted was also considered (Model 7, S2 Table 1 ). The jackknife results 244 notwithstanding, the reduced model with livestock omitted performed only slightly worse, but provided 245 a noticeably poorer fit and so the model with livestock density included was retained as the final model. 246
Given the strong association with the wildlife-livestock interface, which used the ecological niche of E. 247 maximus as the wildlife sentinel with which to construct the interface, there was concern that the model 248 fit and performance may be driven by elephant anthrax outbreaks specifically. As a sensitivity analysis, 249 the twenty elephant outbreaks were removed and the Maxent model refit to the remaining 83 250 outbreaks. This model was similar in performance (AUC = 87%) and fit (AIC = 224) and demonstrated 251 exceptional overlap in suitability (niche equivalency = 0.99; S5 Figure 4 ), suggesting that the inclusion of 252 elephant outbreaks was not responsible for the close association between anthrax suitability and the 253 wildlife-livestock interface. 254
Finally, the wildlife-livestock interface did not appear to operate differently with respect to anthrax 255 suitability at different scales (S2 Table 1 , Model 6: 5 arc minutes vs. 30 arc minutes), while soil pH and 256 forest loss did appear to exhibit a moderately increased impact at smaller scale (30 arc minutes) than at 257 larger scale (5 arc minutes). This scale dependence was further confirmed by the abiotic model (S2 Table  258 1, Model 6: 5 arc minutes vs. 30 arc minutes), which evaluated these features independently increasing soil-water balance until peaking at P-Tα = 0.6, which signifies low water stress. Anthrax 273 suitability increased sharply with an increasing wildlife-livestock interface. Finally, increasing proximity 274 to lost forest was associated with increasing anthrax suitability, with peak suitability within a window of 275 10 km of forest loss between 1900 and 2000. 276
Discussion 277
This study presents the first description of anthrax suitability across India. The wildlife-livestock interface 278 was the most influential feature to anthrax suitability at relatively large and small scales, and even after 279 removing wildlife cases (elephants) from the model. Moreover, this finding was consistent with the 280 highest anthrax suitability manifesting in relatively small livestock herds, which would be more likely to 281 occupy forest fringe than large industry herds. Soil-water balance and soil chemistry were also impactful 282 to anthrax suitability, as expected. In addition, location within an approximate 10 km window of 283 historical forest that has since been lost was moderately associated with increased suitability. 284
285
The relationship with the wildlife-livestock interface is unsurprising since it has been shown that intense 286 competition for resources exists between livestock and wild grazing and browsing species, especially 287 elephants, in precisely the same areas as those identified as high risk in the current study(29). 288
Moreover, relatively small free ranging livestock herds will present the greatest opportunity for 289 interface with sylvan species in anthropogenic ecotones. This was evident in the current study wherein 290 greater anthrax suitability was associated with smaller herds. Both the Eastern and Western Ghats have 291 stretches of forest covering several states with free ranging wild elephants through known corridors. 292
These forests are often occupied by human habitations, particularly traditional forest-living people, for 293 whom this wildlife-livestock interface is a constant reality. Similar wildlife-livestock interface foci have 294 been identified in anthrax hotspots in other tropical settings as well (6, 8 ). In the current study E. 295 maximus was used as the sentinel wildlife species with which to adjust livestock density and thus 296 quantify the wildlife-livestock interface. As such, this interface represents a sentinel interface rather 297 than a complete interface, and therefore precludes the evaluation of a more varied interface between 298 livestock and wildlife species. However, we feel this is an appropriate sentinel given the overwhelming 299 preponderance of elephants among the wildlife outbreaks (>95%). Moreover, E. maximus was the only 300 species for which sufficient data were available in GBIF to estimate a wildlife niche. 301 302 Soil pH in this study was generally reflective of the preferred pedological profile of B. anthracis with 303 suitability peaking in the 6-8 range, which is typical for these bacteria in many parts of the 304 world(3,4,65,66). In contrast to temperate climate regimes(67), anthrax suitability peaked at the lowest 305 levels of organic carbon content, but this was likely indicative of the relative homogeneity of generally 306 low soil organic carbon across much of India. Similar homogeneity was observed for annual temperature 307 but not soil-water balance. The relationship with soil-water balance was interesting because, while the 308 current study identified decreased water stress to be associated with greater anthrax suitability in India, 309 increased water stress was associated with greater suitability across the temperate zones of the 310 northern hemisphere(67). 311
312
The association between anthrax suitability and forest loss, albeit considerably weaker than the wildlife-313 livestock interface, is also intuitive and likely an important modulator of the interface. This novel finding 314 may suggest a "revenant" forest presence that reflects historical cycling of anthrax between wildlife and 315 livestock, or it may simply reflect a more generic increased proclivity to modern cycling in transformed 316 sylvan landscapes. Large mammalian herbivores require extensive forest range in which to graze or 317 browse. Elephant caloric requirements, for example, represent an extreme in plant intake and 318 consequent home range. Adults will consume an average of 150 kg of vegetation per day, and can 319 forage a variety of plants comprising 75 species across a range of 25 km 2 (monsoon season) to 64 km 2 320 (dry season) in southern India(68). The loss of forested habitat across India has reduced the available 321 sylvan range for elephants, forcing them increasingly into anthropogenic ecotones wherein the potential 322 for inter-specific contact is substantial(69,70). It is, therefore, expected that these transitional zones will 323 reflect a trajectory of forest loss and, given the ability of spores to persist for decades in the 324 environment, potential for long term cycling of anthrax between wildlife and livestock. However, the 325 current data are too limited in temporal granularity to make this claim definitely, as anthrax cycling 326 could also reflect a more recent introduction into ecotonal areas by relatively new livestock herds. 327
Nevertheless, the association with the wildlife-livestock interface combined with close proximity to 328 historical forest loss suggests the protection of wildlife populations and forest management, with 329 concerted effort to maintain separation between wildlife and livestock, may be a fruitful approach to 330 anthrax prevention in those areas of highest risk in India. 331
332
This study has some limitations that warrant further discussion. First, the anthrax outbreaks used to 333 train the models in this study are based on ProMED-mail surveillance, which we recognize does not 334 identify all outbreaks. In particular, the responsiveness potential of the surveillance system varies by 335 state according to the quality of veterinary services and reporting infrastructure. This may lead to 336 reporting bias in the identified anthrax locations. We attempted to correct for such reporting bias by 337 selecting background points weighted by the presence of the human footprint as a proxy for reporting 338 infrastructure. In addition, we tested the fitted model against an independent laboratory-confirmed 339 sample of anthrax outbreaks to provide a less biased assessment of performance. Nevertheless, we 340 concede that the data may not be representative of the complete anthrax experience in India over the 341 last two decades. Second, even at the larger of the two scales considered here, the scale of the study is 342 coarse by virtue of the scale of ProMED-mail reporting and the available environmental data. While this 343 is unlikely to be of substantial influence to abiotic environmental features, which are expected to 344 dominate at small (i.e. coarse) spatial scale, it may be influential to biotic features, which are expected 345 to dominate at large (i.e. fine) scale(60). Third, climate features (PT-α and mean annual temperature) 346 were constructs of decadal averages from 1950 to 2000, and therefore the models presented here 347 assume temporal homogeneity of these aggregates both during the period in which they were recorded 348 as well as during the period of observed anthrax outbreaks under current investigation. 349
350
In conclusion, this study has provided the first country-wide predictions of anthrax suitability for India 351 and has found that this suitability is strongly associated with the wildlife-livestock interface as 352 represented by the presence of livestock across the spectrum of the ecological niche of a key sentinel 353 wildlife species, E. maximus. While this study cannot claim whether this association is due to the specific 354 ecology of elephants in ecotones, or whether it is simply due to their capacity to function as important 355 anthrax sentinels, we can claim that intervening efforts to separate wildlife and livestock at potential 356 points of contact in the landscape may be an important step toward preventing the cycling of anthrax 357 between wild and domestic animals. Moreover, while not as impactful as the wildlife-livestock interface, 358 the concurrent influence of historical forest loss lends further support to the potential impact of 359 anthropogenic ecotones in the ongoing transmission of anthrax in India. These findings highlight the 360 potential benefits of a One Health approach to anthrax prevention and control, incorporating the 361 expertise and spheres of influence of state veterinary, forest management, and human health services. 362
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